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Abstract: Dimethyl flimarate (DMF) is tiie most recent oral disease-modifying therapy approved 
by the US Food and Drug Administration and is indicated for the treatment of relapsing forms 
of multiple sclerosis (MS). Prior to approval for use in MS, DMF and its active metabolite, 
monomethyl fiimarate, had been used for decades as two of the fumaric acid esters in Fumaderm®, 
a medication used in Europe for the treatment of psoriasis. The unique mechanism of action of 
DMF remains under evaluation; however, it has been shown to act through multiple pathways 
leading to shifts away from the Thl proinflammatory response to the less inflammatory Th2 
response. Preliminary data suggest that DMF may induce neuroprotective effects in central 
nervous system white matter, although further studies are needed to demonstrate these effects 
on inflammatory demyelination. The DMF Phase III clinical trials demonstrated its efficacy 
with regard to a reduction in the armualized relapse rate and reductions in new or enlarging T2 
lesions and numbers of gadolinium-enhancing lesions on magnetic resonance imaging. DMF 
has a well-defined safety profile, given the experience with its use in the treatment of psoriasis, 
and more recently from the DMF clinical trials program and post-marketing era for treatment of 
MS. The safety profile and oral mode of administration of DMF place it as an attractive first-line 
therapy option for the treatment of relapsing forms of MS. Long-term observational studies will 
be needed to determine the effects of DMF on progression of disability in MS. 
Keywords: multiple sclerosis, dimethyl fumarate, disease-modifying therapy, Nrf2 pathway, 
quality of life 

Introduction 

Approximately 350,000 people in the USA have physician-diagnosed multiple scle- 
rosis (MS).' It is the leading cause of nontraumatic neurologic disability in young 
adults in the USA, with most patients suffering from the effects of MS for most of 
their adult life. The cause of MS remains unknown, although because the disease 
involves perivascular mononuclear cell infiltrates and demyelination, features also 
characteristic of experimental autoimmune encephalomyelitis (EAE), an autoim- 
mune process is hypothesized to be involved in the pathogenesis of the disease.^'' 
Epidemiologic studies and studies examining the disease in identical twins suggest 
that both environment and genetics influence expression of the disease and play a 
role in pathogenesis of the disease.'' There are now ten disease-modifying therapies 
approved by the US Food and Drug Administration (FDA) for use in the treatment of 
MS in the USA; however, none of these agents are proven to be neuroprotective, so the 
need for better treatment strategies for MS remains. ^~'^ In addition, the unfortunate 
expression of progressive multifocal leukoencephalopathy (PML) in MS patients 
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treated with natalizumab highlights the need for medications 
with a proven safety record.""'^ 

Dimethyl fumarate (DMF) offers a therapy with oral 
bioavailability and a record of effectiveness in human autoim- 
mune diseases such as psoriasis and multiple sclerosis.'^ '*"'* 
However, little is known about how this small molecule 
exerts its protective effects in autoimmunity and whether it 
may have neuroprotective capability. 

Relevance of EAE to MS 

With the advent of transgenic and homologous recombina- 
tion technology, it is increasingly clear that many powerful 
molecular tools are becoming available to study the immune 
response in pathologic processes such as EAE. While 
fumaric acid esters (FAE) have been used to treat psoriasis 
for over two decades, little was known about how it exerted 
its therapeutic effects in that disorder." In addition, there 
was no good animal model of psoriasis in order to study 
FAE and determine their effects on potentially pathogenic, 
autoreactive T-cells. We made use of the mouse transgenic 
model for the myelin basic protein Ac 1-1 1 -specific TCR to 
examine the mechanism of how manipulation of oxidative 
stress affects differentiation of antigen-specific T-cells."-^" 
We had a great deal of experience with this transgenic mouse 
model, and importantly, because we were able to adoptively 
transfer disease into naive recipients using TCR transgenic 
T-cells differentiated in vitro,^'^^^ we were able to examine 
the effects of FAE both in vitro and in vivo."-^" For example, 
myelin-specific CD4+ T-cells activated in vitro in the pres- 
ence of DMF had reduced ability to transfer disease into 
naive recipients." Similarly, mice immunized with myelin 
proteins had reduced clinical signs of disease when fed DMF, 
and the myelin-specific T-cells obtained from these mice had 
less capacity to transfer disease." This suggested that FAE 
were able to reduce the pathogenic character of autoreactive, 
myelin-specific T-cells. 

Phenotype of encephalitogenic 
T-cells 

Although EAE was initially induced by immunization with 
myelin proteins emulsified in complete Freund's adjuvant, it 
can also be induced by adoptive transfer of myelin-specific 
CD4+ Thl and Thl7 cells into naive recipient mice.^'"'' 
The observation that myelin-specific CD4+ Thl cells were 
sufficient to induce EAE focused MS research on these 
interferon-gamma (IFNY)-producing T-cells in MS patients. 
Although myelin-specific T-cells were found in both MS 
patients and healthy individuals, which raised questions as 



to the relevance of these cells in MS patients, it does appear 
that myelin-specific T-cells from MS patients are more likely 
to have a Thl phenotype.^^"^' Subsequently, several studies 
demonstrated that although healthy individuals had myelin- 
specific T-cells, these cells were naive, whereas MS patients 
had activated and memory myelin-specific T-cells, indicat- 
ing that these cells had been previously activated in MS 
patients.'^"''' In addition, a clinical trial with an altered peptide 
ligand from myelin basic protein, which was intended to 
downregulate myelin-specific T-cells, actually exacerbated 
disease in several MS patients, and was associated with 
increased frequency of myelin basic protein-specific T-cells 
that produced IFNy, suggesting that MS can be mediated by 
myelin-specific Thl cells. 

As a result, several studies focused on IFNyas the patho- 
genic molecule in EAE and MS. Surprisingly, IFNy-deficient 
mice and mice given antibodies to neutralize IFNy were still 
susceptible to EAE.'^"^''-^' The number of myelin-specific 
CD4+ T-cells was expanded in these mice, which may have 
occurred due to loss of regulatory cells that were dependent 
on IFNy." However, several studies that specifically sup- 
pressed IFNy in the myelin-specific T-cells prior to transfer 
into recipient mice demonstrated that altering the signaling 
pathway which results in IFNy production in CD4+ T-cells 
decreased the encephalitogenic capacity of these cells.^^'^^ " 
In addition, STAT4 and T-bet, transcription factors in the 
Thl differentiation pathway, have been shown to be very 
important for induction of EAE.^^-^''"'"^^ Together, these 
data suggest that the differentiation pathway that generates 
Thl cells may be important in encephalitogenicity, but the 
downstream production of IFNy by myelin-specific T-cells 
may not be critical. We examined how DMF affected the 
development of T-bet+, myelin-specific T-cells of both the 
Thl and Thl7 phenotype"'^" in the EAE model. Myelin- 
specific T-cells activated with antigen-presenting cells that 
had been exposed to FAE expressed lower levels of T-bet 
and RORgt, ie, transcription factors associated with the Thl 
andThl? lineages (Figure l)."-^" 

The Th 1 7 lineage, a new phenotype of CD4+ T-cells, was 
described in EAE and appeared to be pathogenic. Stimulation 
of myelin-specific T-cells from myelin-immunized mice 
with interleukin (IL)-23 promoted the expansion of T-cells 
expressing IL-H.'" Transfer of these myelin-specific IL-17- 
producing T-cells, called Thl 7 cells, into naive mice induced 
EAE. In addition, microarray analysis of MS tissues indicates 
that IL-17 is present in MS lesions.'*'' We and others have 
shown that Thl 7 cells are found in the central nervous sys- 
tem of mice following adoptive transfer of myelin-specific 
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Figure I Dimethyl fumarate (DMF) reduces peripheral inflammation and potentially enhances the cellular defense against glutamate toxicity in the central nervous system (CNS). 
Notes: In the peripheral immune system, DMF can markedly enhance the expression of HO- 1 in dendritic cells (DCs), inhibit NF-kB activation, and subsequently inhibit 
the antigen presenting capacity of these cells by significantly reducing pro-inflammatory cytokine production including IL- 1 2, IL-6, and IL-23. As a result, the altered antigen 
presentation of DCs leads to less generation of encephalitogenic Th I andThl7 cells. In addition to its immunoregulatory effects, DMF also has potential neuroprotective 
effects through activation of the Nrf2/ARE pathway and upregulation of HO- 1 in the CNS. As a critical component of Nrf2 mediated anti-oxidant pathv^ay, upregulation of 
HO- 1 may improve the cellular defense of CNS residential cells against oxidative stress that is caused by glutamate toxicity and other inflammatory mediators in multiple 
sclerosis (MS). 

Abbreviations: oligo, oligonucleotide; Th, T helper cell. 



Thl cells; however, the Thl7 cells are derived from the 
recipient and not the transferred Thl cells.^' *^ In addition, 
IL-17-deficient mice develop EAE, although the disease 
severity is reduced and the disease course is altered."*-*' 
These studies have raised the question as to whether the 
pathogenic T-cells in EAE and MS are actually Th 1 or Th 1 7 
cells or whether both populations contribute to the disease. 
Our recent studies examining this issue suggest that both Thl 
and Thl 7 cells can be pathogenic as long as they express the 
transcription factor T-bet.^' We subsequently examined the 
effects of DMF on the cytokine expression of dendritic cells 
and the subsequent effects on cytokine expression of both 
Thl and Thl7 cells. Exposure of dendritic cells to DMF 
prior to exposure to activating agents such as lipopolysac- 
charide resulted in decreased production of cytokines such as 
IL- 1 2 and IL-23 , which had been believed to be important in 
disease pathogenesis (Figure 1). This led to a change in the 
phenotype of the responding autoreactive T-cells, such that 
they were less likely to secrete proinflammatory cytokines 
such as IFNy and IL- 1 7 and more likely to secrete regulatory 
cytokines such as IL-4."'^'' 

Use of FAE in the treatment 
of autoimmune diseases 

FAE were initially developed as a treatment for psoriasis, 
a putative Thl -mediated disorder."" The compound uti- 
lized to treat patients in Europe was called Fumaderm®. 



Fumaderm was actually composed of a number of FAE, 
including DMF and monomethyl fiimarate. After oral admin- 
istration, it is known that DMF can become hydrolyzed to 
monomethyl fumarate, and this was thought to be the active 
ingredient for this compound. 

Work with the drug initially supported the concept that 
FAE induced a shift in the immune response from Thl to 
Th2. Increased production of Th2 cytokines such as IL-4, 
IL-5, and IL-10 was demonstrated.'** *' In addition, lipopoly- 
saccharide-induced production of IL-12 and activation of 
NF-kB was also reported to be inhibited by FAE, although 
the mechanisms for these observations at a molecular level 
were unclear.'" Our own work supported the concept that 
FAE inhibited IL-12 production and NF-KB activation by 
antigen-presenting cells as well, making it less likely for 
responding T-cells to have a proinflammatory phenotype.^" 
Specifically, DMF inhibited MSK- 1 expression, reducing p65 
phosphorylation, and subsequent expression of inflammatory 
cytokines such as IL-6 and IL-12. 

Studies conducted by Schilling et al using FAE in the 
EAE model indicated that there was a mild reduction in 
disease severity and that there was reduced infiltration of 
macrophages into the spinal cords of treated mice.'' In 
addition, there was an increase in IL-10 noted in the serum 
of FAE-treated mice. Additional studies by Linker et al 
showed that DMF upregulated the expression of Nrf-2 in 
neurons in the motor cortex and brainstem and in astrocytes 
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and oligodendrocytes, suggesting a potential neuroprotective 
role.''^ Another study by Chen et al has suggested that 
hydroxycarboxylic acid receptor 2 may be important for 
adhesion of neutrophils to endothelial cells in EAE." Since 
neutrophils are not prominent inflammatory cells in MS, the 
relevance of this finding to human disease remains unclear. 
In our preliminary studies, we utilized both monomethyl 
fumarate and DMF, and did not observe any significant dif- 
ferences between the two agents in terms of treatment effects. 
Both agents appeared to reduce the inflammatory infiltrates 
in the central nervous system and reduced the clinical signs 
of EAE." Because DMF has subsequently been utilized in 
the treatment of patients with MS and is better tolerated than 
the combination of FAE in Fumaderm, further studies have 
examined the effects of DMF." 

DMF was also studied in a rat model of myocarditis.^'' 
Dark agouti rats were immunized with porcine cardiac myo- 
sin to induce autoimmune myocarditis. Rats were treated with 
5 or 15 mg/kg of DMF on a daily basis. The higher dose of 
DMF reduced the severity of myocarditis and reduced the 
amount of tumor necrosis factor alpha (TNF-a) in the serum 
and supernatant of myosin-stimulated lymph node cells. 
Histopathology of the heart showed reduced mononuclear 
cell infiltration in the myocardium of the DMF-treated rats. 
Interestingly, no effect was shown on serum levels of IL-10. 
These results suggest that DMF is potentially effective in a 
number of autoimmune disorders. 

Early MS clinical trials with FAE 

Oral fumarates were initially utilized in a small pilot trial in 
ten patients with relapsing-remitting MS (RRMS). Fumaderm 
reduced the number and volume of gadolinium-enhancing 
lesions.'^ These early results suggested that DMF may be a 
promising oral agent for the treatment of MS. 

Oxidative stress 
andT-cell differentiation 

Reactive oxygen species can initiate activation of NF-kB 
which can then induce expression of proinflammatory fac- 
tors such as TNF-a and IL-12, molecules believed to be 
important in the pathogenesis of EAE and MS.'^-^'' Because 
excessive products of oxidation can exacerbate the inflam- 
matory response, an important, efficient antioxidant defense 
system has evolved that is both enzymatic and nonenzy- 
matic in nature. ^''^^ The enzymatic antioxidants include, but 
are not limited to, molecules such as superoxide dismutase, 
catalase, glutathione peroxidase, glutathione S-transferase, 
and thioredoxin. The nonenzymatic antioxidants include 



molecules such as glutathione, ascorbate (vitamin C), 
a-tocopherol (vitamin E), urate, bilirubin, and lipoic acid.^' 
Glutathione is the major intracellular thiol antioxidant that 
acts directly as a reactive oxygen species scavenger. The 
glutathione redox system is very important in regulating 
the intracellular redox balance and maintaining antioxidant 
function.'''"'' We hypothesized that the ability of DMF to 
modulate cytokine production by antigen-presenting cells 
may have to do with its effects on reactive oxygen species. 
By manipulating intracellular glutathione levels in antigen- 
presenting cells, we could affect the subsequent cytokines 
produced by antigen-presenting cells when they were exposed 
to various activation stimuli." 

Accumulating evidence shows that heme oxygenase- 1 
(HO-1) is able to directly modulate the immune response. 
Under lipopolysaccharide stimulation, splenocytes from 
HO-1 -deficient mice demonstrated elevated production of 
proinflammatory cytokines, including IL-6, IL-1, TNF-a, 
and IFN-y, indicating that deficiency of HO-1 leads to an 
exaggerated inflammatory response.''^ HO-1 has demon- 
strated an anti-inflammatory function in several autoimmune 
disease models. Systemic expression of HO-1 ameliorated 
type 1 diabetes and was associated with a decrease in the 
Thl response.''^ In models of arthritis and lupus, disease 
severity was reduced by induction of HO-1 and suppression 
of the inflammatory response.''''''^ Clinical studies in humans 
have also supported an anti-inflammatory function of HO-1. 
A recent genetic study identified HO-1 expression as a 
marker for susceptibility to rheumatoid arthritis.'''' This led 
us to examine whether DMF might lead to upregulation of 
HO- 1 and be responsible for the observed effects on cytokine 
production in EAE and MS." Indeed, reactive oxygen species 
stress could upregulate the production of HO-1 in response 
to Toll-like receptor signaling, and this led to a number of 
effects that likely caused suppression of clinical signs of 
EAE, MS, and psoriasis in humans." We also showed that 
this HO- 1 is subsequently cleaved and its N-terminal frag- 
ment interacts with AP-1 and NF-kB sites in the IL-23pl9 
promoter to inhibit IL-23pl9 transcription. 

HO- 1 as a target in MS 

During the pathogenesis of the MS lesion, monocyte- 
derived macrophages cause damage to the myelin sheath, 
oligodendrocytes, and axons. During the inflammatory 
process, macrophages/microglia produce a number of 
mediators, including cytokines, chemokines, nitric oxide, 
and reactive oxygen species. The reactive oxygen species 
likely contribute to evolution of the MS lesion.^* Expression 
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of most antioxidant enzymes is regulated by the Nrf2/ARE 
pathway and is induced by oxidative stress. In the brains of 
MS patients, the presence of antioxidants regulated by the 
Nrf2/ARE pathway suggest that oxidative stress occurs in MS 
lesions.'^ In EAE, the protective effects of exogenous antioxi- 
dants have been described.''^ It does appear that ARE-driven 
genes are preferentially activated in astrocytes in the central 
nervous system, and this activation of astrocytes also pre- 
vented oxidative damage in neighboring neurons.''^ ''' Thus, 
antioxidant therapy may be a potential therapeutic strategy 
to protect both glia and neurons in diseases like MS. 

Glutathione has been measured in the cerebrospinal fluid 
of patients with MS and found to be significantly lower than 
that in controls.™ Interestingly, plasma levels were increased 
in MS patients. Administration of oral L-acetylcarnitine 
to MS patients resulted in normalization of glutathione 
levels in cerebrospinal fluid. Treatment of the MS patients 
with L-acetylcarnitine also resulted in decreases in cere- 
brospinal fluid levels of nitric oxide reactive metabolites 
and protein nitration in addition to the higher glutathione 
levels. It is also of interest that acetylcarnitine was shown 
to have neuroprotective effects in rats exposed to global 
cerebral ischemia." 

Glutathione peroxidases may be more important than 
catalase in removing hydrogen peroxide from the central ner- 
vous system. Expression of glutathione peroxidase was also 
increased in active MS lesions.''' Studies by Guy et al sug- 
gested that treatment with glutathione peroxidases reduced 
blood-brain barrier breakdown in chronic EAE and indicated 
the potential for glutathione peroxidases as a therapy for neu- 
roinflammatory diseases such as MS.^^ Upregulation of HO-1 
also reduced the clinical severity of EAE, while inhibiting 
HO-1 markedly exacerbated the disease.'' HO-1 expression 
has been shown to be increased in hypertrophic astrocytes 
in the MS spinal cord.'* Another study demonstrated that 
HO-1 was protective in the context of EAE. Mice deficient 
in HO-1 developed more severe EAE when compared with 
wild-type mice, while induction of HO-1 by administration of 
cobalt protoporphyrin after disease onset appeared to reverse 
signs of the disease. HO-1 also inhibited T-cell proliferation 
by inhibiting class II expression on antigen-presenting cells. 
These authors suggested that carbon monoxide might be a 
potential therapy for MS, although it is not clear how this 
would be achieved without its known toxicity. Another study 
suggested that DMF may mediate its actions through histone 
deacetylases. The inflammatory activation of astrocytes 
was inhibited by DMF, which was reversed by inhibition of 
HO- 1. ""As a whole, all these studies suggest that manipula- 



tion of oxidative stress and targeting the HO-1 pathway may 
be a promising novel avenue for the treatment of MS. We have 
shown that administration of DMF results in increased pro- 
duction of HO- 1 in both EAE and in patients with psoriasis 
(Figure 1)." We were also able to show that increased HO-1 
negatively regulated expression of the pl9 subunit of IL-23. 
Further, we showed that nuclear HO-1 interfered with the 
transcriptional activity of AP-1 and NF-kB."-^" We showed 
that HO- 1 interfered with NF-kB binding at the promoter of 
pl9 subunit of IL-23, suppressing its production by antigen- 
presenting cells." Thus, fumarates appear to induce type II 
dendritic cells that can ameliorate inflammatory autoimmune 
disorders such as MS and psoriasis. 

Role of glutamate toxicity 
in EAE and MS 

To delineate the neuroprotective effects of DMF, a model 
is desirable that replicates the pathomechanisms relevant 
to EAE and MS without involving inflammation, so that 
neuroprotective effects could be differentiated from anti- 
inflammatory effects. A study in which DMF was suggested 
to exert neuroprotective activity could have also produced 
reduced tissue damage in the central nervous system because 
of its anti-inflammatory activity. An obvious choice for such 
a pathomechanism is that of white matter excitotoxicity. Pitt 
et al and others have shown that glutamate excitotoxicity is a 
major effector mechanism in mouse EAE,""" where block- 
ade of 2-(aminomethyl)phenylacetic acid/kainate receptors 
during acute disease significantly prevents oligodendroglial 
and axonal damage without altering the inflammatory 
response. Glutamate toxicity has also been implicated in 
MS by demonstrating that glutamate homeostasis is severely 
disrupted in white matter plaques. 

Preliminary data indicate that excitotoxic damage to 
axons is mediated by reactive oxygen species released by 
oligodendrocytes. It is therefore reasonable to speculate that 
in this paradigm, treatment aimed at inducing antioxidative 
enzymes may reduce axonal damage. Thus, DMF may be able 
to induce neuroprotective effects on white matter, although 
work is ongoing to prove that this mechanism is in play dur- 
ing DMF treatment of inflammatory demyelination.^^ 

Benefit and nsl< assessment of DMF 

An early open-label study of Fumaderm in ten patients with 
RRMS suggested that it was safe and efficacious by demon- 
strating significant reductions in MRI gadolinium-enhancing 
lesions along with stability in clinical measures of baseline 
Expanded Disability Status Scale, Ambulation Index, and the 
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9-Hole Peg Test.'* Subsequently, a dose-finding Phase lib 
study of DMF compared with placebo demonstrated an 
overall 32% reduction in annualized relapse rate, significant 
reductions in gadolinium-enhancing lesions, and reductions 
in new or enlarging T2 lesions on magnetic resonance imag- 
ing (MRI) in the treatment arms as compared with placebo. " 
Building on the evidence of efficacy in the early clinical 
studies, two 2-year, randomized, double-blind, placebo- 
controlled Phase III clinical trials confirmed DMF to be a 
safe and effective treatment for RRMS (Table l).'^**' 

The DEFINE (Determination of the Efficacy and Safety 
of Oral Fumarate in RRMS) study compared two doses 
of DMF 240 mg twice daily and 240 mg three times daily 
against placebo.'^ The primary endpoint of the study was 
met, with the proportion of patients who relapsed by the 
end of 2 years being 27% for DMF twice daily, 26%) for 
DMF three times daily, and 46% for placebo (/'<0.001 for 
both comparisons).'^ Additionally, secondary endpoints of 
annualized relapse rate and time to disability progression 
were significant. The annualized relapse rate was 0.17 for 
DMF twice daily, 0.19 for DMF three times daily, and 0.36 
for placebo (P<0.001 for both comparisons) consistent with 
a relative reduction of 48%-54% for the DMF arms,'^ and 
confirmed disability progression occurring throughout the 
2-year study was 16% for DMF twice daily, 18% for DMF 
three times daily and 27% for placebo (/'=0.005 for DMF 
twice daily and ^=0. 01 for DMF three times daily). '^ Further, 
MRI measures of new or enlarging T2 lesions and the number 



of gadolinium-enhancing lesions were significantly reduced 
in both DMF arms as compared with placebo (/'<0.001 for 
both comparisons with placebo).'^ 

CONFIRM (Comparator and an Oral Fumarate in RRMS; 
ClinicalTrials.gov identifierNCT00451451) compared DMF 
240 mg twice daily and three times daily against placebo and 
included an open-label reference comparator of glatiramer 
acetate 20 mg subcutaneously once daily. The primary end- 
point of annualized relapse rate, was significantly lower for 
both DMF arms, ie, 0.22 twice daily, 0.20 three times daily, 
with 0.29 for glatiramer acetate, and 0.4 for placebo, dem- 
onstrating a relative reduction of 44% for twice daily and 
51% for three times daily (/'<0.001 for both comparisons), 
and 29% for glatiramer acetate {P<0.01)}^ There were also 
significant reductions in new or enlarging T2 lesions in all 
treatment arms as compared with placebo (/'<0.001 for each 
comparison).*^ In contrast with the DEFINE study, there 
was no significant difference in disability progression in the 
individual treatment arms when compared with placebo in 
CONFIRM.'^ *" This discrepancy may be due to a higher per- 
centage of patients with confirmed disability progression in 
DEFINE (27%) as compared with CONFIRM (17%).'^ " 

Common adverse events in the Phase III clinical trials 
included gastrointestinal (diarrhea, nausea, emesis, or 
abdominal pain) and flushing (erythema, warmth, pruritus, 
or burning sensation) events that were mild to moderate in 
the majority of patients.'^ *" The incidence of side effects 
decreased with time on therapy. Reassuringly, DMF was 



Table 1 Efficacy data from pivotal Phase III clinical trials of dimethyl fumarate 


Trial Subjects 


Design 


Key clinical outcomes 


Key MRI outcomes 


DEFINE RRMS' 


Placebo-controlled 


*Proportion of patients relapsing over 


Reduction in new or enlarging 


(n= 1,234) 


Double-blind 


2 years (27% bid, 26% tid, 46% placebo; 


T2 lesions (85% bid, 74% tid; 




Randomized 1:1:1 


P<0.00l for both comparisons) 


P<0.00 1 for both comparisons) 




(240 mg bid, 240 mg tid. 


*ARR (0. 1 7 bid, 0. 1 9 tid, placebo 0.36; 


Reduction in odds of an increased 




placebo) 


P<0.00l for both comparisons) 


number of Gd+ lesions at 2 years 




Multicenter 


2-year confirmed disability progression 


(90% bid, 73% tid; P<0.00l for 




2 years 


(16% bid, 18% tid, 27% placebo; 


both comparisons) 






P=0.00S bid versus placebo; P=0.0 1 for 








tid versus placebo) 




CONFIRM RRMS' 


Placebo-controlled 


*ARR at 2 years (0.22 bid, 0.20 tid, 


Reduction in number of new or 


(n=l,4l7) 


Double-blind 


0.29 GA, 0.40 placebo; relative 


enlarging T2 lesions (71% bid. 




Open-label for those randomized 


reductions 44% bid and 51% tid. 


72% tid, 54% GA; P<0.00l for all 




to GA (reference comparator) 


P<0.00l;GA: 29%P=0.0I) 


comparisons) 




Randomized 1:1:1:1 (240 mg bid. 


Reductions in disability progression 


Reduction in odds of new Gd+ 




240 mg tid, placebo, GA) 


(relative reduction: 2 1 % bid P^O.25; 


lesions at 2 years (74% bid, 65% 




Multicenter 


24% tid P=0.20; 7% P=0.7 GA) 


tid, 61% GA; P<0.00l for all 




2 year 




comparisons) 



Note: *Primary outcome. 

Abbreviations: ARR, annualized relapse rate; bid, twice daily; CONFIRM, Comparator and an Oral Fumarate in RRMS; DEFINE, Determination of the Efficacy and Safety 
of Oral Fumarate in RRMS; GA, glatiramer acetate 20 mg subcutaneous once daily; Gd+, gadolinium-enhancing; MRI, magnetic resonance imaging; RRMS, relapsing-remitting 
multiple sclerosis;'"^ tid, three times daily. 
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not associated with an increased risk of malignancy, serious 
infections, or opportunistic infections.'^-*' A decrease in mean 
white blood cell and lymphocyte counts and elevations in liver 
aminotransferases were identified in patients on DMR'^-*" In 
the first year on DMF, mean lymphocyte counts decreased 
by approximately 30% and then stabilized.*'* In the placebo- 
controlled trials, 6% of patients on DMF and < 1 % on placebo 
had a decrease in lymphocyte counts <0.5xlO''/L (lower limit 
of normal 0.91x1 0'/L). The incidence of infections was similar 
for patients on DMF and placebo (60% versus 58%) and also 
for serious infections (2% versus 2%).*** Elevations in hepatic 
aminotransferases in patients on DMF occurred primarily in 
the first 6 months on therapy, with the majority of these being 
less than three times the upper limit of normal.'^'*' Elevations 
of three times or more the upper limit of normal were equal in 
patients on DMF and placebo.'^-*' '*'' DMF is pregnancy cate- 
gory C and so not recommended for use in pregnant women. 

In March 2013, DMF gained FDA approval in the USA 
as the third oral disease-modifying treatment for RRMS. 
The starting dose of DMF is 120 mg by mouth twice daily 
for 7 days, and then increased to 240 mg by mouth twice 
daily. A complete blood count is recommended prior to ini- 
tiation of DMF, and should be repeated annually for safety 
monitoring. 

Shortly after DMF gained FDA approval, four cases 
of PML were reported in patients treated with Fumaderm 
or compounded FAE for psoriasis, comprising three cases 
treated with Fumaderm and one treated with compounded 
FAE.*'^ One of these patients had a history of prior immu- 
nosuppressant use with methotrexate and developed severe 
lymphocytopenia one year after initiation of oral fumaric 
acid; however, it was not discontinued despite the manufac- 
turer's recommendation to discontinue therapy with severe 
lymphocytopenia.'*'' This patient developed PML 3 years 
after initiation of fumaric acid.*'' A second patient, treated 
with compounded FAE (Psorinovo) for 6 years, with long- 
standing lymphopenia at 200 lymphocytes/mm', developed 
PML.*' A third patient with a history of sarcoidosis treated 
with methotrexate and steroids developed PML one month 
after starting Fumaderm.*^ A fourth patient on efalizumab 
for psoriasis was diagnosed with cancer, after which efali- 
zumab was discontinued and Fumaderm was started for 
continued treatment of psoriasis. This patient eventually 
developed PML.*^ Each of these patients had at least one or 
more known risk factors for PML, including lymphocytope- 
nia, sarcoidosis, cancer, and efalizumab use.*^ The risk of 
PML can be mitigated by routine lymphocyte monitoring. 
In the DMF clinical trials program, more than 2,600 MS 



patients were treated for up to 4 years with no reports of 
PML.'^ *' With appropriate monitoring, DMF is a safe and 
efficacious disease-modifying treatment option for patients 
with RRMS. 

Comparison of DMF with other 
disease-modifying therapies 

Efficacy 

There have been no head-to-head clinical trials comparing 
DMF with other disease-modifying treatments. Nevertheless, 
Hutchinson et al recently performed a meta-analysis using 
mixed treatment comparisons.** Mixed treatment com- 
parisons are typically used in the absence of sufficient 
direct head-to-head comparisons allowing for analysis 
across clinical trials. The investigators analyzed data from 
27 randomized clinical trials of disease-modifying treatments 
using standard FDA-approved dosages and demonstrated that 
DMF 240 mg twice daily significantly reduces the annual- 
ized relapse rate as compared with placebo, IFN, glatiramer 
acetate, and teriflunomide. No significant difference was 
found when comparing DMF with fingolimod.** Natalizumab 
was superior to DMF in reducing the annualized relapse rate 
in this meta-analysis.** 

Safety and tolerability 

Considering a disease-modifying treatment for a given MS 
patient requires consideration of the drug's efficacy and 
safety profile. Unlike several other recently approved disease- 
modifying treatments, DMF does not require extensive 
screening tests prior to initiation (except for recent complete 
blood counts), or have known safety concerns regarding 
opportunistic infections, risk of malignancy, cardiac and 
ocular side effects, or teratogenicity. 

Fingolimod and natalizumab have been associated with 
serious infections. There have been two reported cases of 
fingolimod-treated MS patients developing disseminated 
varicella zoster.*''" Natalizumab is associated with a risk 
of PML." Fingolimod is associated with risk of first-dose 
bradycardia and atrioventricular block. It is also associ- 
ated with a rare risk of macular edema.'^ Teriflunomide is 
also pregnancy category X.'' In this respect, the side effect 
profile of DMF may be considered favorable. Fingolimod, 
natalizumab, teriflunomide, and DMF are all associated with 
a risk of elevated hepatic transaminases. ''■'^■'^■''' 

Mode of administration and frequency of dosing for dis- 
ease-modifying treatments is also a consideration in compar- 
ing these therapies. Injectable therapies may be less desirable 
than pills, given injection site reactions or associated flu-like 
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symptoms with IFNs.'^ Conversely, twice-daily dosing of 
DMF may be less favorable than once-daily administration 
of fingolimod or teriflunomide. 

None of the FDA-approved disease-modifying treatments 
are recommended for use during pregnancy. Teriflunomide 
is pregnancy category X and carries significant risk during 
pregnancy as demonstrated by studies in animals. 

Teriflunomide-treated MS patients must either wait up to 
24 months or undergo rapid elimination with cholestyramine 
and activated charcoal before serum drug levels are low 
enough to allow safe conception.'* Natalizumab, fingolimod, 
IFNs, and DMF are pregnancy category C.'^ Glatiramer 
acetate is pregnancy category B." Taken as a whole, the 
moderate efficacy, acceptable side effect profile, and oral 
route of administration of DMF make this therapy an attrac- 
tive option for patients with relapsing forms of MS. 

Effect of DMF on health-related 
quality of life in RRMS 

Individuals living with MS report a lower health-related qual- 
ity of life (HRQoL) as compared with healthy controls and 
patients with other chronic diseases."'^ Moreover, HRQoL 
tends to decline in MS with disease progression.'' For these 
reasons, HRQoL may serve as an additional indicator of thera- 
peutic efficacy along with traditional measures such as relapse 
rate, disability progression and MRI activity. Several measures 
of HRQoL in MS were assessed in the recently completed 
DEFINE and CONFIRM trials, which evaluated the efficacy 
and safety of DMF in RRMS.'^'^^ In this review, we will focus 
on the combined HRQoL analyses from both trials." 

HRQoL was assessed in both trials using three patient- 
reported outcome measiu^es. The first was the Short Form 36 
(SF-36), which was assessed in both trials at baseline, and 
at 6, 12, and 24 months. It is comprised of eight multi-item 
scales (0-100, higher is better), and patient-reported data is 
grouped into two summary scores, ie, the physical component 
summary (PCS) and the mental component summary (MCS). 
The second HRQoL measure used was the European Quality 
of Life-5 Dimensions Health Survey (EQ-5D), which was 
also administered in both trials at baseline, and at 6, 12, and 
24 months. The EQ-5D scores are combined to provide a 
summary index score (higher is better). Lastly, both trials 
administered the patient global impression of well-being 
visual analog scale (GI-VAS) at baseline and every 3 months 
thereafter (0-100, higher is better).""""" For both trials, the 
treatment effect of DMF on HRQoL was assessed in the 
intent to treat study population (combined placebo, n=71 1; 
DMF, twice daily, n=769; DMF three tunes daily, n=761) 



comparing mean changes at 2 years from baseline scores on 
all the above measures, adjusting for region. Post hoc analysis 
included calculating the proportion of patients manifesting 
a clinically relevant improvement from baseline (defined as 
a 5-point change) at 2 years on the PCS and MCS. Another 
post hoc analysis examined baseline SF-36 scores relative to 
baseline Expanded Disability Status Scale scores. 

Consistent with prior investigations, the authors found 
baseline HRQoL scores were lower than in the general 
population." No significant between-group differences 
were found among baseline PCS and MCS scores. Baseline 
HRQoL was lower in patients with higher baseline Expanded 
Disability Status Scale scores. 

There was a treatment effect favoring DMF over 
placebo in mean change from baseline for PCS and MCS 
scores in the integrated analysis. For PCS, this was sta- 
tistically significant in the thrice-daily arm at 24, 48, and 
96 weeks and in the twice-daily arm at 48 and 96 weeks. 
For the MCS score, differences from placebo were only 
statistically significant at 96 weeks for both treatment 
arms." When considering a clinically relevant change in 
HRQoL, there was a statistically significant 5-point change 
in both PCS and MCS scores at 2 years favoring DMF- 
treated patients over placebo (PCS, twice-daily arm odds 
ratio 1.26, P=0.02, and thrice-daily arm odds ratio 1.48, 
P=0.0001 ; MCS, twice-daily arm odds ratio 1 .42, P=0.008, 
and thrice-daily arm odds ratio 1 .63, /'<0.0001). At 2 years, 
EQ-5D index summary scores were statistically improved 
in DMF-treated patients compared with the placebo arm. 
Similarly, the mean change from baseline to 2 years in the 
GI-VAS was significantly improved compared with placebo 
(-4.0) in both the twice-daily arms (-0.3, /'<0.0001) and 
thrice-daily arms (0.1, P<0.000\). The authors conclude 
that in addition to significant treatment effects in traditional 
efficacy outcome measures, DMF-treated patients in the 
DEFINE and CONFIRM trials manifested improvements 
in their overall HRQoL. 

Conclusion and place in therapy 

In conclusion, DMF is the most recent FDA-approved oral 
disease-modifying treatment for the treatment of relapsing 
forms of MS. This therapy has demonstrated efficacy as a 
first-line therapy and should be considered as such in treatment 
selection for individuals with RRMS. Therefore, patients and 
clinicians may consider DMF over injectable therapies due to 
its demonstrated efficacy, ease of treatment initiation, and ease 
of administration. The Phase III clinical trials program dem- 
onstrated its success as an efficacious oral disease-modifying 
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treatment with a favorable tolerability and safety profile. The 
early side effects of DMF, ie, gastrointestinal and flushing 
reactions, decrease with time on therapy and are generally 
self-limited. DMF used for the treatment of MS has not been 
associated with any serious or opportunistic infections. The 
data suggest that DMF positively affects quality of life in MS 
patients. Results from the Phase III clinical trials in MS and 
extensive clinical experience in psoriasis suggest that DMF 
has a robust long-term safety profile and supports its use in 
MS. Further studies will need to be done to completely delin- 
eate the neuroimmunologic effects of DMF and whether or 
not it is neuroprotective in inflammatory demyelination. 
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